Introduction
Interstitial nephritis (IN) and tubulopathy are two main causes of renal disease, representing between 15% and 27% of causes of AKI in Western countries (1, 2) . Tubulointerstitial nephropathies (TINs) are related to a wide range of causes, including drug toxicity, infections, and autoimmune disorders (1) (2) (3) . Only a few studies have investigated the characteristics of TIN in HIV-infected patients (4) . Indeed, HIV-associated renal diseases have been dominated by glomerular diseases, particularly HIV-1-associated nephropathy (HIVAN) (5) (6) (7) . In the mid-1990s, combinational use of antiretroviral (ARV) agents in highly active antiretroviral therapy regimen was associated with a dramatic decrease in the mortality of HIV patients and incidence of HIVAN (8) (9) (10) . In the meantime, nephrotoxicity of new ARVs and renal complications of dysimmune disorders, including immune reconstitution inflammatory syndrome (IRIS) and diffuse infiltrative lymphocytosis syndrome (DILS), were reported (4, (11) (12) (13) (14) . In a North American series of 262 HIV-infected patients who underwent a kidney biopsy, diagnosis of acute IN was established in 11% of renal biopsies between 1995 and 2008 (15) . To determine if these findings were similar to European practice, we conducted a retrospective study of the characteristics and clinical course of HIV-infected patients with biopsy-proven TIN.
Materials and Methods
We included all consecutive HIV-infected adults who underwent a renal biopsy at Tenon Hospital (Paris, France) from January of 1995 to April of 2011 in whom the histopathological diagnosis of TIN was retained. The indications for renal biopsies were acute or chronic renal failure and/or proteinuria and/or hematuria. Patients with prominent glomerular disease or vascular nephropathy were excluded. Approval of the study was obtained from the Comité de Protection des Personnes, Ile de France.
Demographics data and comorbid conditions included age, sex, ethnicity, hypertension, and hepatitis B and hepatitis C coinfections. The following clinical data on HIV infection were collected: time since HIV infection diagnosis, Centers for Disease Control and Prevention staging, prior and current opportunistic infections and malignancies, and prior and current ARV therapy. Laboratory measurements at the time of the biopsy included baseline and peak serum creatinine, electrolytes, proteinuriato-creatininuria ratio (UP/C), hematuria, leukocyturia, glycosuria, CD4 cell count, and plasma HIV RNA load. Estimated GFR (eGFR) was calculated using the fourvariable Modification of Diet in Renal Disease equation. CKD was defined by eGFR less than 60 ml/min per 1.73 m 2 for at least 3 months. Acute renal injury was classified according to the Risk, Assessment, Failure, Loss, and End Stage Renal Disease classification (16) . Proximal tubular dysfunction was defined as two signs among glycosuria, low-molecular weight proteinuria, and low phosphate serum level, one sign plus low serum potassium or uric acid level, or metabolic acidosis. Follow-up data were assessed in the 6-month period after the renal biopsy and at patients' consultations when available. Complete recovery was defined as full recovery of baseline renal function. Patients were considered to have partial recovery if renal function improved but did not recover to its baseline value. Patients with renal function that remained stable or worsened were considered as having stable or worsening renal outcome, respectively.
Renal biopsies were blindly reviewed by three pathologists specialized in kidney pathology according to standard protocols. Causes of TIN were identified on the basis of the clinician's diagnosis and the review of follow-up data. Causal relationship between drug and renal damage was based on (1) drug exposure at the onset of renal symptoms, (2) consistent pathologic findings, (3) absence of alternative causes, and (4) complete or partial recovery after drug withdrawal. The first three criteria had to be met to consider a causal relationship, whereas the fourth criterion was optional.
Continuous variables were compared using the MannWhitney test, and categorical variables were compared using the chi-squared or Fisher exact test. A value of P,0.05 was considered significant.
Results

Baseline Characteristics and Renal Parameters of 59 Patients
Among 222 renal biopsies analyzed in HIV-infected patients during the study period, 59 (26.6%) patients who showed a TIN (tubulopathy, n=29; IN, n=30) were included in the study. All patients had HIV-1 infection. Four patients were biopsied before 1997, and they all had IN. Baseline characteristics are detailed in Table 2 ). Analysis of composition of proteinuria was available for 12 of 30 (40%) patients with UP/C.1326 mg/g. LWM proteins predominantly composed proteinuria, and median albuminuria-toproteinuria ratio was 7.3% (range=0%-33%). Hematuria and leukocyturia were detected in 16 (30.8%) and 9 (20.9%) patients, respectively.
Renal Biopsy Findings
Kidney biopsies were divided into two groups: 29 (49%) patients showed tubulopathy, and 30 (51%) patients displayed acute or chronic IN. Baseline characteristics did not differ between the two groups, except that tenofovir and ritonavir exposures were more frequently observed in the tubulopathy group (P=0.005 and P=0.02, respectively). Drug-related nephrotoxicity accounted for 52.5% of overall cases of renal injury. For the remaining 47.5% cases, etiologies included infections (15.2%), dysimmune disorders (8.5%), malignancies (3.4%), chronic TIN (10.2%), and acute TIN of undetermined origin (10.2%) ( Table 3) .
Tubulopathy
Baseline Characteristics. Summary and detailed characteristics of 29 patients with tubulopathy are shown in Table 2 and Supplemental Table 1 , respectively. Twentythree (79.3%) patients had AKI or AKF, and nine (31%) patients required renal replacement therapy (RRT). Fourteen patients with acute tubular necrosis (ATN) lesions had a lower median GFR (11.5 versus 44 ml/min per 1.73 m 2 , P=0.001) at presentation and required more frequent RRT (50% versus 13.3%, P=0.05) compared with patients without ATN (n=15). Although median eGFR was comparable with patients with IN, a higher proportion of patients with tubulopathy showed AKF and required RRT at presentation (P=0.02 and P=0.09, respectively). Fifteen (62.5%) patients had a UP/C.1326 mg/g. Proximal tubular dysfunction was recorded in 21 (72%) patients, with 7 patients presenting with complete Fanconi's syndrome. Three patients displayed nephrogenic diabetes insipidus.
Biopsy Findings. Renal biopsy specimens showed acute tubular injury of varying intensity. Fifteen patients displayed mild to moderate tubular damage that predominated on proximal tubules without ATN. These lesions included cytoplasmic vacuolization and focal loss of brush border but no tubular basement membrane denudation. Fourteen patients had ATN consisting of flattened and ragged tubules with luminal ectasia, cellular casts, diffuse loss of brush border, and tubular basement membrane denudation. Nuclear atypia (dystrophic nuclei and prominent nucleoli) were seen, mostly in patients with ATN. No tubular microcystic dilation, epithelial cell hypertrophy or hyperplasia, or mitotic figures, as usually seen in HIVAN, were observed. The interstitium was focally edematous, with only rare inflammatory cells. Interstitial fibrosis was unremarkable or mild. Vessels and glomeruli were normal, except for four patients with mild to moderate nephroangiosclerosis lesions and one patient with mild diabetic nephropathy. In three patients exposed to tenofovir, eosinophilic cytoplasmic inclusions of proximal tubular cells were associated with ATN ( Figure 1 , A-C). Electron microscopy was performed in three other tenofovirtreated patients but without tubular cytoplasmic inclusions by light microscopy, and it disclosed dysmorphic, and sometimes abnormally enlarged, mitochondria in proximal tubular cells ( Figure 1D ).
Etiologic Diagnosis. Drug-related nephrotoxicity accounted for 79.3% of tubulopathy cases, whereas it represented 26.7% of IN cases (P,0.001) ( Table 3) . A single culprit agent was identified in 23 cases. Tenofovir accounted for the main offending agent (16 patients, 69.5%). The remaining seven cases were caused by other antiviral drugs (two cidofovir cases and one didanosine case), antimicrobial agents (one vancomycin case, one rifampicin case, and one amphotericin B case), or metformin in addition to tenofovir (one case). ATN caused by septic shock was identified in four patients. Two of them concomitantly received tenofovir and showed proximal tubular dysfunction. One patient presented with duodenal immunoblastic plasmacytoid lymphoma responsible for myeloma cast nephropathy.
Outcome. Renal follow-up data were available in 21 (72.4%) patients, with a median follow-up of 8 months (range=1-132). Complete recovery of renal function was observed in 6 (28.6%) patients, and stage III-V CKD was Table 2 and  Supplemental Table 2 , respectively. Six patients showed acute fever at presentation without skin rash or eosinophilia. sCr, serum creatinine level; AKF, acute kidney failure; Pu/Cu, proteinuria-to-creatininuria ratio. (Figure 2A) . Twenty-four (80%) patients had nongranulomatous IN. Drug-related IN was associated with crystal nephropathy and intratubular precipitation in four patients caused by indinavir or foscarnet ( Figure 2B ), whereas immunoallergic IN was observed in four patients related to nonsteroidal anti-inflammatory drugs (NSAIDs), abacavir, or cotrimoxazol. DILS was diagnosed in three patients. The kidney biopsy specimen showed marked infiltration by mononuclear cells, essentially CD8+ lymphocytes, with tubulitis ( Figure 2C ). Two patients with active tuberculosis infection displayed IRIS. They presented with systemic inflammatory symptoms, AKI, bilateral kidney enlargement, and dense interstitial infiltrate composed predominantly of CD68+ macrophages ( Figure 2D ). In both cases, IRIS occurred a few weeks after antituberculosis and ARV initiation. The patients were treated with steroids and antimicrobial therapy, leading to an improvement of the renal function. Two patients presented with IN related to multicentric Castleman disease and Hantavirus infection, respectively. Finally, three patients presented with acute IN of undetermined origin, and six patients displayed chronic TIN. In these cases, no etiologic diagnosis was established. Particularly, we did not observe prominent plasma cell interstitial infiltrates as recognized in the interstitial disease related to HIVAN. However, causative factors could be suspected on retrospective chart review, including a past history of sepsis shock-related ATN, recurrent indinavir-related renal colic, administration of foscarnet a few months before kidney biopsy, and tenofovir-induced AKI.
Outcome. Renal follow-up data were available in 23 (80%) patients, with a median follow-up of 12 months (range=0.5-156). Renal function returned to baseline in 13 (56.5%) patients. Dialysis was discontinued in three patients who initially required RRT. Nine (39.1%) patients developed stage III-V CKD. One additional patient died shortly after kidney biopsy.
Discussion
During the last 15 years, 59 of 222 (26.6%) HIV-infected patients who underwent a kidney biopsy at our institution showed either prominent tubular (13.1%) or interstitial (13.5%) lesions. These data are consistent with the previously reported frequencies of IN (11%-20%) and biopsyproven ATN (10%-16.7%) in this population, respectively (4, 11, 15, (17) (18) (19) . Compared with HIV-infected patients with histopathological diagnosis of glomerular disease established between 1995 and 2007 (10), TIN patients were less frequently of black origin (27% versus 63%), had a better virological control (undetectable viral load: 47% versus 28%), and had a higher percentage of received ARV therapy (89.3% versus 73%). None of the patients with drug-induced IN displayed the classic triad of fever, skin rash, and eosinophilia, which was previously underlined in the series of Parkhie et al. (15) . Strikingly, the high-grade proteinuria observed in some patients is unusual for TIN. However, this finding was also pointed out in studies by Parkhie et al. Drug toxicity accounted for nearly 80% of tubulopathy cases. ARV-related tubular toxicity was usually observed with a nucleotide analog reverse transcription inhibitor, mainly tenofovir. Tenofovir may have contributed to ATN in three additional patients presenting with septic shock (two patients) and in conjunction with metformin (one patient), because they all displayed proximal tubular dysfunction. Tenofovir has gained widespread use for the treatment of HIV-1 and hepatitis B infections on the basis of its efficacy and tolerability (21) (22) (23) (24) . Phase III studies showed excellent renal safety, but cases of tenofovirrelated nephrotoxicity were first reported in 2002 (12, 25) . Proximal tubular dysfunction was then further characterized, and sometimes, overt Fanconi syndrome with renal failure was characterized (19, (25) (26) (27) (28) (29) (30) (31) (32) . In our study, almost 90% and 40% of patients with tenofovir nephrotoxicity displayed proximal tubular dysfunction and overt Fanconi's syndrome, respectively. Similar findings were noted in patients with cidofovir-and didanosine-related tubulopathy. Most of the patients had at least one risk factor for tenofovir nephrotoxicity: 50% of patients were more than 50 years old, 50% of patients had baseline eGFR under 90 ml/min per 1.73 m 2 , 25% of patients had stage III/IV CKD, and all but one patients also received ritonavirboosted ARV regimen (31) . Recently, the Columbia group reported pathologic findings in 13 HIV-infected patients with tenofovir nephrotoxicity (20, 30) . Histologic pattern associated toxic ATN and eosinophilic intracytoplasmic inclusions that corresponded with giant mitochondria within proximal cells (20) . Dysmorphic mitochondria were also observed by electron microscopy (20) . Similar intracytoplasmic inclusions were observed in 18.8% of our cases of tenofovir-related tubulopathy (n=3), and ultrastructural analysis performed in three biopsy specimens disclosed dysmorphic and giant mitochondria. Proximal tubular dysfunction usually improved after tenofovir withdrawal. However, only 40% of patients achieved complete renal recovery as previously reported (20, 31, 33) . The IN group was associated with a broader spectrum of pathologic lesions and causes. Compared with the tubulopathy group, IN patients tended to have a better renal and overall outcome, maybe because of a less severe renal dysfunction at presentation, although differences in eGFR were not statistically significant. Drug toxicity was a significant cause of IN. Antiviral therapy, including indinavir and foscarnet, was associated with crystal nephropathy (34) (35) (36) (37) . No case of atazanavir-related IN was identified in contrast to recent reports (38, 39) . Classic forms of acute IN were also observed with NSAIDs and cotrimoxazol. Nevertheless, drug-related IN only accounted for 26.7% of cases compared with 72% of acute IN cases in the Johns Hopkins' series (15) . Antiviral agents were involved in 62.5% of drug-induced IN in our series, whereas NSAIDs were the main culprits in the Johns Hopkins' series (15) . Such discrepancy may be explained by over-the-counter availability of NSAIDs in the United States and specific demographic characteristics, with predominance of black race (79%), high prevalence of hepatitis C coinfection (62%), and low rate of ARV therapy (approximately 50%) in North American patients (15) . In our study, only 27.1% of patients were of black origin, the rate of hepatitis C virus infection was 13.6%, and about 90% of patients received ARV.
We found that mycobacterial infections remained an important cause of granulomatous IN. We also identified IRIS and DILS as specific causes of acute IN. IRIS is related to rapid immune restoration after ARV initiation in patients with a previously treated or subclinical opportunistic infection (39) (40) (41) (42) (43) . It manifests as systemic inflammation and various organ involvement, including kidneys (40) (41) (42) (43) . Tissue infiltrates are predominantly composed of CD68+ macrophages. DILS usually associates CD8+ lymphocytosis and CD8+ lymphocytic visceral infiltration, predominantly affecting the salivary glands, lungs, and less frequently, other organs, including the kidney in less than 10% of cases (44) (45) (46) (47) (48) . HIV patients with IRIS or DILS respond to corticosteroid therapy (49, 50) . In about one third of cases of acute or chronic IN, no definitive etiology could be established, although some of the patients presented past exposition to cumulative risk factors for developing chronic interstitial lesions. Of note, recent studies suggested that HIVAN might present with subtle glomerular changes (i.e., podocyte hypertrophy and hyperplasia) and prominent tubulointerstitial lesions with tubular microcysts and plasma cell interstitial infiltration (51) (52) (53) . Such findings were not observed in our series.
Our study has some limitations. First, the prevalence of TIN in the whole HIV population is underestimated, because the study was only based on biopsy-proven cases. Although the indications for kidney biopsy included acute or chronic renal failure and/or persistent proteinuria and/ or hematuria, patients with mild deterioration of renal function and/or mild proteinuria were unlikely to be biopsied. Additionally, only patients with a main pathologic diagnosis of TIN were included, whereas patients with TIN lesions secondary to glomerular or vascular disease were not analyzed. The high percentage of proximal tubular dysfunction among patients with tenofovir toxicity may also represent a referral bias. Finally, patients were referred from two Infectious Disease Units that are not representative of the European HIV cohorts because of a higher proportion of black patients.
In summary, we report a series of French HIV-infected patients, focusing on biopsy-proven tubulopathy and IN over the past 15 years. Both pathologic entities are closely associated with specific etiologies. Drug-related nephrotoxicity, mostly caused by ARV therapy, is the leading cause of TIN, underscoring the importance of a careful renal monitoring in HIV-infected patients under ARV therapy. Tenofovir accounts for the main cause of tubulopathy. Because proximal tubular dysfunction is usually observed in cases of tenofovir nephrotoxicity, renal biopsy may be valuable in patients with atypical presentation, particular clinical characteristics (i.e., hepatitis B coinfection and limited ARV alternatives), or lack of recovery after tenofovir withdrawal. In IN, renal pathologic analysis and immunophenotyping of inflammatory infiltrates are useful to recognize granulomatous forms and kidney involvement related to DILS or IRIS. Given the wide range of renal lesions and atypical presentation, kidney biopsy remains a key step in the accurate diagnosis of TIN in HIV-infected patients. 
